1. Introduction {#s0005}
===============

Salicylic acid is a plant-produced hormone in response to pathogen infection ([@bb0170]). Salsalate and aspirin are the two main pro-drugs derived from salicylic acid, which are commonly considered to be nonsteroidal anti-inflammatory drugs. The accumulating evidences suggest that these two pro-drugs of salicylic acid play beneficial efficacies against metabolic disorders in both diabetic mice and patients ([@bb0020], [@bb0035], [@bb0055], [@bb0100], [@bb0110], [@bb0195], [@bb0040]). Although several working models have been proposed, the underlying mechanisms still remain poorly understood. Chronic inflammation is a main causative factor for inducing obesity related insulin resistance. Therefore, the anti-inflammation action of salicylate is considered as a primary mechanism for dealing with insulin resistance ([@bb0060], [@bb0110], [@bb0155]). By repressing nuclear factor IkappaB kinase subunit β, salicylate sensitizes insulin signaling to reverse hyperglycemia, hyperinsulinemia and dyslipidemia in obese rodents ([@bb0235]). Moreover, it has been reported that salicylate activates AMPK *via* a direct interaction with the Ser108 residue of the β1 subunit ([@bb0085]). However, salicylate still plays euglycemic effects in AMPK-β1-knockout mice fed with high fat diet, suggesting other pathways should be involved ([@bb0085], [@bb0195]). Most recently, one report has demonstrated that salsalate increases energy expenditure in mice by activating brown adipose tissue (BAT) ([@bb0040]). Meanwhile, another study suggested that salsalate improves glucose homeostasis primarily *via* salicylate-driven mitochondrial uncoupling in brown fat tissue (BAT), skeletal muscle and liver ([@bb0195]). However, salsalate supplement does not alter BAT thermogenesis *in vivo* ([@bb0195]). Thus, skeletal muscle is likely to be the organ targeted by salsalate for thermogenesis, as liver is not a thermogenic site.

In this study, therefore, we analyzed salsalate-induced thermogenesis in skeletal muscle and the underlying molecular mechanisms. Our results showed that salsalate application attenuates body weight gain, increases body temperature and improves systemic glucose homeostasis in mice fed with HFD. Furthermore, our results revealed that salsalate stimulates non-shivering thermogenesis in skeletal muscle by activating mitochondrial uncoupling and the axis of Sln/sarcoplasmic reticulum Ca^2 +^-ATPase type 2a (Serca2a).

2. Materials and Methods {#s0010}
========================

2.1. Animals {#s0015}
------------

8 week-old male C57BL/6J mice were fed with high fat diet (HFD, 45% of calories from fat, Research Diets) or HFD with the addition of 0.5% salsalate for 40 days. Body weight and food intake were monitored every other day throughout the whole experiments. All of the animal protocols were approved by the Animal Care and Use Committee of Nantong University and the Jiangsu Province Animal Care Ethics Committee.

2.2. Glucose Tolerance Test (GTT), Insulin Tolerance Test (ITT) and Pyruvate Tolerance Test (PTT) {#s0020}
-------------------------------------------------------------------------------------------------

For GTT analysis, mice were intraperitoneally injected with [d]{.smallcaps}-glucose (0.5 g/kg) after an overnight fasting. For ITT analysis, mice were fasted for 6 h (from 8 am to 2 pm) and intraperitoneally injected with recombinant human insulin (0.75 IU/kg) from Eli Lilly (Indianapolis, IN). For PTT analysis, mice were fasted for 18 h and intraperitoneally injected with pyruvate (1 g/kg). Blood was taken from tail vein at 0, 15, 30, 60, 90 and 120 min after glucose or insulin or pyruvate injection and blood glucose was measured with a glucose meter from Bayer.

2.3. Analysis of *In Vivo* Insulin Signaling {#s0025}
--------------------------------------------

For *in vivo* insulin signaling analysis, mice were received insulin (0.75 IU/kg) *via* intraperitoneal injection after 6 h of fasting. Five minutes after injection, gastrocnemius muscle, liver and epididymal white adipose tissue were removed and snap frozen in liquid nitrogen and stored at − 80 °C until use.

2.4. Rectal Temperature Measurement {#s0030}
-----------------------------------

Core body temperature was measured rectally with a thermistor (Micro-Therma 2 T/ThermoWorks) during the light cycle once a week.

2.5. Biochemical Analysis {#s0035}
-------------------------

Liver ALT and AST activities were measured by commercial kits (Jiancheng, Nanjing, China) according to the manufacturer\'s instructions. Triglyceride, cholesterol, HDL and LDL/VLDL levels were assayed by kits (Sigma-Aldrich, USA). Plasma leptin and adiponectin concentrations were analyzed using kits from Life Technologies (Thermo Fisher Scientific). Plasma insulin was measured with an Ultra Sensitive Mouse Insulin ELISA kit from Crystal Chem (Downers Grove, IL).

2.6. RNA Extraction and Quantitative Real Time PCR (qRT-PCR) {#s0040}
------------------------------------------------------------

Total RNA was extracted from cells or animal tissues using Trizol reagent (Invitrogen) and transcribed into cDNA using a synthesis kit (Bio-Rad). The gene expression analysis was performed with iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad) with SYBR Green Supermix (Bio-Rad). The mRNA level was normalized to 18S as a house keeping gene. The primer sequences were listed in [Supplementary Table 1](#ec0005){ref-type="supplementary-material"}.

2.7. Protein Extraction from Tissues and Cells {#s0045}
----------------------------------------------

Cell and tissue protein extraction was described elsewhere ([@bb0205]). Briefly, tissues were homogenized with a bench-top homogenizer (Polytron, PT2100) in ice-cold tissue lysis buffer (25 mM Tris-HCl, pH 7.4; 100 mM NaF; 50 mM Na~4~P~2~O~7~; 10 mM Na~3~VO~4~; 10 mM EGTA; 10 mM EDTA; 1% NP-40; 10 μg/ml Leupeptin; 10 μg/ml Aprotinin; 2 mM PMSF and 20 nM Okadaic acid). After homogenization, lysates were rotated for 1 h at 4 °C and then subjected to centrifugation at 13,200 rpm for 20 min at 4 °C. The lipid layer was removed and the supernatant was transferred into Eppendorf tubes for centrifugation. Protein concentration was quantified by using Protein Assay Kit (Bio-Rad). Equivalent protein concentration in each sample was prepared and boiled at 100 °C for 5 min in 1 × Laemmli buffer. The lysates were cooled to room temperature before loading for Western blot analysis.

2.8. Western Blot Analysis {#s0050}
--------------------------

Western blot analysis was performed as previously described ([@bb0205]). Samples from cell lysates or tissue lysates were resolved by SDS-PAGE and then transferred to polyvinylidene fluoride (PVDF) membrane. After 1 h blocking at room temperature using 10% blocking reagent (Roche), membrane was incubated overnight with primary antibody in Tris-buffered saline solution/Tween (TBST) containing 10% blocking reagent at 4 °C. After the incubation, membrane was washed three times in TBST and incubated with secondary antibody for 1 h at room temperature. After three-time washing in TBST, membrane was developed using a chemiluminescence assay system (Roche) and exposed to Kodak exposure films. Relative protein levels were quantified by Image J program. For stripping, membrane was vigorously shaken in stripping buffer (62.5 mM Tris-HCl, pH 6.7; 2% SDS; 100 mM 2-mecaptomethanol) at 50 °C for 20 min. After stripping, membrane was washed three times in TBST.

2.9. Histology {#s0055}
--------------

Epididymal white adipose tissue and liver were fixed with 4% normal buffered paraformaldehyde solution and embedded in paraffin. Hematoxylin-eosin (H-E) staining was performed using standard protocols ([@bb0225]). Succinate dehydrogenase (SDH) activity staining was carried out on sections of gastrocnemius muscle with the method described elsewhere ([@bb0025]). Skeletal muscle ultrastructural analyses were performed as described elsewhere ([@bb0065]). Gastrocnemius muscle samples were fixed in cacodylate buffer (0.1 M, pH 7.4) containing 2.5% glutaraldehyde and 2.5% paraformaldehyde. Post-fixation, samples were immersed in 1% osmium tetraoxide for 1 h at 4 °C, and then samples were dehydrated using graded alcohol (50, 70, 90 and 100%). Samples were oriented longitudinally and embedded in Epon 812. Ultrathin sections were cut at 70 nm and contrasted with uranyl acetate and lead citrate, and examined at 80 kv with a transmission electron microscope (JEO Ltd., Tokyo, Japan) at various magnifications by a blinded investigator. Muscle tissue from 5 mice/group was analyzed and 10 electron micrographic images were acquired for each sample to count mitochondrial numbers.

2.10. Cell Culture and Treatments {#s0060}
---------------------------------

HepG2 and C2C12 cells were obtained from American Type Tissue Collection (ATCC). Cells were cultured in DMEM supplemented with 25 mM glucose, 10% fetal bovine serum (FBS) and 1% Penicillin-Streptomycin. Cells were maintained under standard conditions at 37 °C in a humidified atmosphere of 5% CO~2~. To stimulate gluconeogenesis, cells were cultured in phenol-, glucose and FBS-free DMEM supplemented with 20 mM sodium lactate and 2 mM pyruvate. The starved cells were incubated with 50 μM of salsalate for 24 h. After treatment, the culture medium was collected for analyzing glucose concentration using a commercial kit (GAHK-20, Sigma-Aldrich). The cells were harvested for gene expression analysis. To analyze whether salsalate affects Serca2a expression, C2C12 cells were transfected with the plasmid expressing human SERCA2a (Plasmid \#75187, Addgene) ([@bb0120]) using an electroporator (Nepa Gene, Japan). After transfection, the cells were treated with 2 mM salicylate for 24 h. Total RNA and protein were extracted for measuring Serca2a expression.

2.11. Statistical Analysis {#s0065}
--------------------------

Data are presented as means ± standard error of the mean (SEM). The comparisons between two groups were performed using unpaired two-tailed Student\'s *t*-test. For multiple-group comparisons, one-way ANOVA with Bonferroni\'s *post hoc* test was applied. Significance was accepted at the level of *P* \< 0.05.

3. Results {#s0070}
==========

3.1. Salsalate Attenuates Body Weight Gain in Mice Fed with HFD {#s0075}
---------------------------------------------------------------

To recapitulate the anti-obesity effect of salsalate, mice were fed with HFD with or without salsalate for 40 days. As expected, the body weight of mice treated with salsalate was markedly decreased ([Fig. 1](#f0005){ref-type="fig"}a--b). We also monitored the food intake throughout the experiment, and the results showed that there was no significant change between vehicle- and salsalate-treated animals ([Fig. 1](#f0005){ref-type="fig"}c--d). The rectal temperature was largely up-regulated in mice treated with salsalate ([Fig. 1](#f0005){ref-type="fig"}e). To exclude the possibility that body weight decrease was due to the toxic effects of salsalate, we measured ALT and AST activities in liver, which showed that the ALT activity was decreased by salsalate, whereas the AST activity was unaltered ([Fig. 1](#f0005){ref-type="fig"}f--g). These data clearly indicate that salsalate treatment indeed prevents obesity in mice fed with HFD, which is likely due to the stimulated energy expenditure.Fig. 1Salsalate treatment attenuates body weight gain in mice fed with HFD. (a--e) The 8-week-old male mice were fed with HFD without or with salsalate for 40 days. Body weight (a--b), food intake (c--d) and body temperature (e) were monitored throughout the experiments. (f--g) The hepatic ALT (f) and AST (g) activities were measured. Data are expressed as mean ± SEM (n = 5). \**P* \< 0.05 and \*\**P* \< 0.01 by two-tailed Student\'s *t*-test.Fig. 1

3.2. Salsalate Alleviates Fat Accumulation in Liver {#s0080}
---------------------------------------------------

Lipid accumulation in liver is a common consequence in mice fed with HFD, and this was confirmed by the morphology of liver ([Fig. 2](#f0010){ref-type="fig"}a). Judging by their color, livers from salsalate-treated mice are more likely to be healthy. However, salsalate unexpectedly increased the liver weight ([Fig. 2](#f0010){ref-type="fig"}b). The expression of trophic factor Vegf was enhanced, while *Hgf* was not affected ([Fig. 2](#f0010){ref-type="fig"}c). To further confirm this notion, we performed H&E staining ([Fig. 2](#f0010){ref-type="fig"}d). The results showed that lots of lipid droplets were observed in vehicle-treated mice, while few lipid droplets were occurred in salsalate-treated animals. Both the liver and plasma triglyceride levels were significantly reduced by salsalate ([Fig. 2](#f0010){ref-type="fig"}e--f). The liver cholesterol level was also decreased, while the plasma cholesterol level was unaltered ([Fig. 2](#f0010){ref-type="fig"}g--h). Furthermore, we also detected plasma lipoprotein levels and the results showed that the high density lipoprotein (HDL) was not affected by salsalate, whereas the low density lipoprotein (LDL) and very low density lipoprotein (VLDL) were both decreased ([Fig. 2](#f0010){ref-type="fig"}i--j). These data indicate that salsalate treatment attenuates lipid accumulation in liver.Fig. 2Salsalate inhibits lipid synthesis in liver. (a) Liver morphology. (b) Liver weight. (c) The mRNA levels of trophic factors. (d) Liver H&E staining. (e--f) Liver triglyceride (e) and plasma triglyceride (f) were analyzed. (g--h) Liver cholesterol (g) and plasma cholesterol (h) were measured. (i--j) Plasma HDL (i) and LDL/VLDL (j) were detected. Data are expressed as mean ± SEM (n = 5). \**P* \< 0.05 and \*\**P* \< 0.01 by two-tailed Student\'s *t*-test.Fig. 2

3.3. Salsalate Reduces White Adipose Tissue Mass {#s0085}
------------------------------------------------

The observed body weight loss induced by salsalate prompted us to examine whether white adipose tissue (WAT) mass was affected. Indeed, the epididymal WAT (eWAT) mass was robustly reduced by salsalate ([Fig. 3](#f0015){ref-type="fig"}a). As a consequence, the eWAT weight was dramatically decreased ([Fig. 3](#f0015){ref-type="fig"}b). Furthermore, we also performed H&E staining, which showed that the cell size of adipocytes in eWAT was reduced by salsalate ([Fig. 3](#f0015){ref-type="fig"}c--d). Next, we examined the effects of salsalate on adipokine gene expression. The mRNA level of leptin in eWAT was decreased by salsalate, although the difference did not reach statistical significance. In contrast, adiponectin expression was significantly up-regulated ([Fig. 3](#f0015){ref-type="fig"}e). In addition, we also measured the plasma concentrations of these two adipokines. The results showed that while the plasma leptin concentration was noticeably decreased by salsalate ([Fig. 3](#f0015){ref-type="fig"}f), the plasma concentration of adiponectin was only slightly enhanced by salsalate ([Fig. 3](#f0015){ref-type="fig"}g). The above data indicate that salsalate reduces eWAT mass and adipocyte size and regulates the gene expression of both leptin and adiponectin.Fig. 3Salsalate attenuates white adipose tissue biogenesis. (a) Morphology of epididymal white adipose (eWAT) tissues. (b) eWAT weight. (c) H&E staining of eWAT. (d) Average adipocyte diameter. (e) The mRNA levels of leptin and adiponectin in eWAT. (f--g) Plasma leptin (f) and adiponectin (g) were measured. Data are expressed as mean ± SEM (n = 5). \**P* \< 0.05 and \*\**P* \< 0.01 by two-tailed Student\'s *t*-test.Fig. 3

3.4. Salsalate Improves Systemic Glucose Disposal and Insulin Signaling Transduction in eWAT {#s0090}
--------------------------------------------------------------------------------------------

Next we wanted to know whether salsalate affects systemic glucose homeostasis. To this aim, we examined the effects of salsalate on glucose metabolism and insulin signaling transduction. We performed glucose tolerance test and the data showed that salsalate increased glucose disposal as compared with vehicle-treated animals ([Fig. 4](#f0020){ref-type="fig"}a). The blood glucose level was lowered by salsalate ([Fig. 4](#f0020){ref-type="fig"}b). The plasma insulin level was slightly decreased ([Fig. 4](#f0020){ref-type="fig"}c). The insulin-stimulated glucose clearance was unaltered by salsalate from the insulin tolerance test ([Fig. 4](#f0020){ref-type="fig"}d). We next examined insulin signaling transduction in skeletal muscle, liver and eWAT. The results showed that the phospho-Akt (p-Akt) and phospho-GSK3β (p-GSK3β) in all three main insulin-responsive tissues were greatly stimulated by insulin infusion ([Fig. 4](#f0020){ref-type="fig"}e--g). The salsalate treatment did not alter these stimulations in skeletal muscle and liver ([Fig. 4](#f0020){ref-type="fig"}e--f). However, the p-Akt and p-GSK3β in eWAT were further up-regulated in the presence of salsalate ([Fig. 4](#f0020){ref-type="fig"}g). Collectively, these data show that salsalate treatment improves systemic glucose disposal and stimulates insulin signaling transduction in eWAT.Fig. 4Salsalate improves systemic glucose tolerance and insulin signal transduction in eWAT. (a) Glucose tolerance tests. (b) Blood glucose levels. Blood samples from mice with free access to water and food were collected by tail vein bleeding. (c) Plasma insulin concentrations. (d) Insulin tolerance tests. (e--g) The insulin signaling transduction in liver (e), skeletal muscle (f) and eWAT (g) were analyzed. Data are expressed as mean ± SEM (n = 5). \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001 by two-tailed Student\'s *t*-test.Fig. 4

3.5. Salsalate Suppresses Hepatic Gluconeogenesis {#s0095}
-------------------------------------------------

Hepatic gluconeogenesis is an important factor for regulating blood glucose level ([@bb0125], [@bb0175]). To test whether salsalate affects hepatic gluconeogenesis, we performed pyruvate tolerance test and found that salsalate largely blocked glucose production from pyruvate ([Fig. 5](#f0025){ref-type="fig"}a). We next analyzed key transcriptional co-activator and enzymes involved in gluconeogenesis. While the expression of *G6pc* and *Pck1* were reduced by salsalate, *Ppargc1a* was unaltered ([Fig. 5](#f0025){ref-type="fig"}b). In terms of their protein levels, G6Pase and PEPCK were decreased, but PGC-1α was not altered ([Fig. 5](#f0025){ref-type="fig"}c--d). To further confirm these results, we treated HepG2 cells with salsalate and examined whether gluconeogenesis was inhibited in the cultured cells. In response to the starved condition, the gluconeogenesis was robustly up-regulated as evidenced by the increases in *G6pc* and *Pck1* expression ([Fig. 5](#f0025){ref-type="fig"}e). As expected, these stimulations were blunted in the presence of salsalate, although the change in *Pck1* was only of marginal statistical significance ([Fig. 5](#f0025){ref-type="fig"}e). For *Ppargc1a*, it was constant regardless of starvation or salsalate treatment ([Fig. 5](#f0025){ref-type="fig"}e). Moreover, we measured the glucose production released in cell culture medium and the data showed that salsalate indeed blocked glucose synthesis in starved HepG2 cells ([Fig. 5](#f0025){ref-type="fig"}f). These data clearly indicate that salsalate attenuates hepatic gluconeogenesis both *in vivo* and *in vitro*.Fig. 5Salsalate impedes hepatic gluconeogenesis. (a) Salsalate inhibits glucose production from pyruvate. (b--c) The mRNA (b) and protein (c) levels of PGC-1α, G6Pase and PEPCK. (d) Densitometric quantification of the immunoblots in (c). (e) Salsalate down-regulates gluconeogenic gene expression in the starved HepG2 cells. (f) Salsalate inhibits glucose production in the starved HepG2 cells. Data are expressed as mean ± SEM (n = 5). \**P* \< 0.05 and \*\**P* \< 0.01 by two-tailed Student\'s *t*-test.Fig. 5

3.6. Salsalate Stimulates Glucose and Lipid Catabolism in Skeletal Muscle {#s0100}
-------------------------------------------------------------------------

As mentioned above, salsalate treatment leads to an increase in body temperature and thus attenuates body weight gain. We thus wanted to determine the underlying mechanisms for the increased body temperature. To do that, we analyzed the expression of genes related to heat production in BAT. The results showed that salsalate did not have noticeable effect on the expression of *Ucp1*, *Ppargc1a* and *Dio2* ([Fig. 6](#f0030){ref-type="fig"}a). Furthermore, adipogenesis-related genes, such as *Ppara* and *Pparg*, also appeared to be unaffected by salsalate ([Fig. 6](#f0030){ref-type="fig"}a). We next investigated whether inguinal WAT (iWAT) was involved in salsalate-induced heat production. As shown in [Fig. 6](#f0030){ref-type="fig"}b, adipogenesis genes *Ppara* and *Pparg* were unaltered by salsalate. *Prdm4*, *Prdm16* and *Zfp516* are commonly known as potent transcriptional factors for driving WAT browning. iWAT is a type of beige adipose tissue that could be induced into BAT-like tissue to produce heat. Our data showed that the expression of *Prdm4* and *Prdm16* were unaffected by salsalate and *Zfp516* was decreased ([Fig. 6](#f0030){ref-type="fig"}b). Genes related to heat production such as *Ucp1*, *Ppargc1a* and *Cox8b* were not altered, while *Dio2* expression was reduced ([Fig. 6](#f0030){ref-type="fig"}c).Fig. 6Salsalate promotes glucose and lipid transport and oxidation in skeletal muscle. (a--c) The mRNA levels of genes involved in adipogenesis and heat production in BAT (a) and iWAT (b--c). (d--f) The mRNA levels of genes involved fatty acid transport (d), hydrolysis (e) and oxidation (f). (g) The expression of genes responsible for glucose transport. (h) The expression of genes in glycolysis and tricarboxylic acid cycle. (i) The expression of genes for mitochondrial uncoupling. Data are expressed as mean ± SEM (n = 5). \**P* \< 0.05 and \*\**P* \< 0.01 by two-tailed Student\'s *t*-test.Fig. 6

The above data indicate that both BAT and iWAT are not the targeted tissues for salsalate-induced heat production. We thus decided to focus on thermogenesis in skeletal muscles. Gene profile results showed that the genes for fat acid transport including *Fat*, *Fabp*, *Fatp1* and *Fatp4* were significantly up-regulated by salsalate ([Fig. 6](#f0030){ref-type="fig"}d). Similar changes were also observed for fat acid hydrolysis genes ([Fig. 6](#f0030){ref-type="fig"}e). Furthermore, genes for fat acid oxidation such as *Cpt1b*, *Cpt2*, *Ppara*, *Pparg* and *Ppard* were also enhanced by the application of salsalate ([Fig. 6](#f0030){ref-type="fig"}f). In addition, we examined glucose metabolism in skeletal muscles. The genes involved in glucose transport including *Glut1* and *Glut4* were up-regulated by salsalate ([Fig. 6](#f0030){ref-type="fig"}g). Glycolysis and tricarboxylic acid cycle were also improved as evidenced by the increases in *Pfk1*, *Pk*, *Ldh*, *Sdh*, *Cs* and *Pdh* expression ([Fig. 6](#f0030){ref-type="fig"}h). The mitochondrial uncoupling and biogenesis were stimulated by salsalate, as *Ucp1*, *Ucp2* and *Ucp3* were increased ([Fig. 6](#f0030){ref-type="fig"}i). These data suggest that skeletal muscle, rather than BAT or iWAT, is the targeted tissue by salsalate for heat generation.

3.7. Salsalate Enhances Mitochondria Oxidative Capacity and SERCA2 Expression in Skeletal Muscle {#s0105}
------------------------------------------------------------------------------------------------

The salsalate-induced increase in gene expression for glucose and fatty acid catabolism implied that mitochondrial bioenergetics was stimulated by salsalate. To test this notion, we monitored skeletal muscle mitochondrial ultrastructure by transmission electron microscopy. As shown in [Fig. 7](#f0035){ref-type="fig"}a, the mitochondrial number was not affected. The mitochondrial structure was largely destroyed as evidenced by the defects in cristae disruption and matrix density ([Fig. 7](#f0035){ref-type="fig"}b). The application of salsalate greatly prevented these defects ([Fig. 7](#f0035){ref-type="fig"}b). Next, we analyzed the expression of genes in mitochondrial electron transport chain and the results showed that all the tested genes were increased by salsalate ([Fig. 7](#f0035){ref-type="fig"}c). To further validate these results, we examined the protein levels of mitochondrial markers and found that while PHB1, SDHA and Cox IV were enhanced, VDAC and HSP60 were unaffected ([Fig. 7](#f0035){ref-type="fig"}d-e). SDH staining demonstrated that salsalate-treated mice had increased SDH activity in skeletal muscles ([Fig. 7](#f0035){ref-type="fig"}f). Since sarcoplasmic reticulum Ca^2 +^ ATPase (Serca) is involved in ATP hydrolysis and heat production in skeletal muscles ([@bb0015], [@bb0145]), we wanted to analyze whether salsalate treatment alters SERCA expression. As shown in [Fig. 7](#f0035){ref-type="fig"}g, both *Serca1a* and *Serca2a* were up-regulated by salsalate. Sln is a potent regulator of Serca in muscle for inducing uncoupling of Serca from Ca^2 +^ transport and increase heat production ([@bb0015], [@bb0130]), it was also increased by salsalate ([Fig. 7](#f0035){ref-type="fig"}g). Western blot analysis showing that SERCA2 was markedly increased by salsalate, while SERCA1 was not affected ([Fig. 7](#f0035){ref-type="fig"}h). To further confirm these results, we transfected C2C12 cells with the plasmid expressing SERCA2a and examined whether salsalate stimulates SERCA2a expression. As expected, salsalate treatment increased SERCA2a expression in C2C12 cells ([Fig. 7](#f0035){ref-type="fig"}i), which was further confirmed by Western blot analysis ([Fig. 7](#f0035){ref-type="fig"}j). These data strongly indicate that salsalate stimulates thermogenesis in skeletal muscles by stimulating the axis of Sln/SERCA2a.Fig. 7Salsalate stimulates mitochondria capacity and SERCA2 expression in skeletal muscles. (a) Average mitochondrial numbers based on transmission electron micrographs at the magnification of 5 k. (n = 5). (b) Representative transmission electron micrographs at the magnification of 20 k. The scale bar represents 0.5 μm. (c) The expression of mitochondrial electron transport chain genes. (d) Western blot showing expression of different subunits of electron transport chain proteins. (e) Densitometric quantification of the immunoblots in (d). (f) Succinate dehydrogenase (SDH) staining. The scale bar represents 100 μm. (g) The expression of *Sln*, *Serca1a* and *Serca2a* in skeletal muscle. (h) Western blot showing expression of SERCA1 and SERCA2 in skeletal muscle. (i) Salicylate improves *Serca2a* expression in C2C12 cells. (j) Western blot showing the increased expression of SERCA2 by salicylate in C2C12 cells. Data are expressed as mean ± SEM (n = 5). \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001 by two-tailed Student\'s *t*-test. ^\#\#^*P* \< 0.05 by one-way ANOVA with Bonferroni\'s *post hoc* test.Fig. 7

4. Discussion {#s0110}
=============

Various mechanisms have been proposed to explain the beneficial effects of salsalate against obesity and type 2 diabetes. Our study suggests that salsalate treatment increases glucose and lipid transport and oxidation in skeletal muscle to generate ATP, which subsequently fuels SERCA2 to produce heat and leads to increased energy expenditure. Meanwhile, salsalate also stimulates mitochondrial uncoupling in skeletal muscle. Taken together, our data show that activation of non-shivering thermogenesis in skeletal muscle may, at least in part, be responsible for the beneficial healthy effects of salsalate.

It has been suggested that increased energy expenditure induced by salicylate-derived compounds is an efficient way for combating metabolic disorders in rats and human subjects ([@bb0090], [@bb0095], [@bb0140]). The underlying mechanism for these bioenergetics effects are likely due to the function of salicylate to act as proton carrier ([@bb0075], [@bb0080], [@bb0195]). A recent study showed that salsalate application stimulates body temperature and thus attenuates body weight gain in mice fed with high fat diet by activating BAT ([@bb0040]). BAT burns fatty acids and glucose to generate heat ([@bb0215]), providing a promising therapeutic target against obesity and type 2 diabetes. It has been shown that promoting BAT development is an attractive strategy for the treatment of obesity, as activated BAT dissipates energy through thermogenesis ([@bb0045], [@bb0150], [@bb0160], [@bb0200], [@bb0210]). However, our present data and previous investigation ([@bb0195]) showed that UCP1 in BAT was unaffected in salsalate-treated animals. Thus, additional studies are needed to examine the targeted tissue(s) for salsalate-mediated energy expenditure *in vivo*.

Clusters of UCP1-positive adipocytes with thermogenic capacity also develop in WAT in response to various stimuli such as cold exposure and hormone incubation ([@bb0165], [@bb0220], [@bb0230]). These adipocytes have been named beige adipocytes and tissues containing such adipocytes are known as beige adipose tissues. iWAT is a kind of beige adipose tissue, and a growing body of evidences have shown that iWAT browning is a useful strategy for dealing with obesity and its related metabolic disorders ([@bb0050], [@bb0105], [@bb0135]). To uncover the underlying mechanisms for salsalate-mediated energy expenditure, we have examined whether salsalate treatment leads to iWAT browning. Our data show that salsalate has no effect on BAT gene expression in iWAT, suggesting there is no iWAT browning in salsalate-treated mice. These findings indicate that enhanced energy expenditure induced by salsalate is not due to iWAT browning.

Besides BAT and beige adipose tissues, skeletal muscle is also a heat-producing organ for maintaining thermo homeostasis. Skeletal muscle accounts for \~ 40% of body mass and is a major consumer of metabolites ([@bb0240]). It has been suggested that skeletal muscle is an ideal organ for energy expenditure ([@bb0115], [@bb0185]). During cold exposure, skeletal muscle plays an important role for adaptive thermogenesis by expending significant amount of energy ([@bb0015], [@bb0180]). Studies have also shown that skeletal muscle is a key component in diet induced thermogenesis ([@bb0005], [@bb0030], [@bb0070]). Inspired by these studies, we switched our interest from adipose tissue to skeletal muscle and aimed to uncover the underlying mechanisms for salsalate-induced thermogenesis *in vivo*. We found that salsalate increases the expression of genes involved in glucose and fatty acid uptake and oxidation in skeletal muscle, suggesting that skeletal muscle is likely the target organ for salsalate-mediated thermogenesis. Indeed, mitochondrial uncoupling was stimulated by salsalate, indicating salsalate treatment switches to heat generation from ATP synthesis in mitochondria. This conclusion is in line with a recent report in which salsalate improves mitochondrial uncoupling and respiration ([@bb0195]).

It has been demonstrated that maintenance of Ca^2 +^ ion gradient by the SERCA pump is responsible for heat production in skeletal muscle ([@bb0015]). Uncoupling Ca^2 +^ transport and ATP hydrolysis in SERCA pump results in heat production and transient accumulation of cytosolic Ca^2 +^ ([@bb0190]). In this study, we found that salsalate stimulates SERCA2 expression in skeletal muscle. Sarcolipin (Sln) - a small protein consisting 31 amino acids long - is exclusively expressed in skeletal muscle ([@bb0010]). Recent studies have shown that Sln is an important regulator for uncoupling Serca activity and thus plays a key role for adaptive heat generation both in cold- and diet-induced thermogenesis ([@bb0015], [@bb0130]). Data from the present study showed that salsalate induces an increase in Sln expression both *in vivo* and *in vitro*. Thus, we suggest that skeletal muscle is the thermogenic organ targeted by salsalate. Generation of Serca-deficient mice will further confirm this conclusion.

In addition to salsalate-mediated thermogenesis, it is also worth noting that while salsalate increases liver weight, it decreases liver triglyceride and cholesterol. We propose that salsalate might initiate liver stem cell differentiation into mature hepatocytes. Alternatively, salsalate accelerates the reprogramming other liver cells into hepatocytes. Given these predictions are true, salsalate will be beneficial for liver regeneration by inducing mature and healthy hepatocytes, which may extend the clinical application of this ancient anti-inflammatory drug. We have also found that salsalate blunts hepatic gluconeogenesis by down-regulating G6Pase and PEPCK expression in liver, which is consistent with a previous report ([@bb0195]). The precise underlying mechanisms for the salsalate-mediated repression on G6Pase and PEPCK are still not clear, which will be uncovered in the future studies.

The following is the supplementary data related to this article.Supplementary Table 1Primers used for real-time PCR.Supplementary Table 1
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